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CHAPTER I
INTRODUCTION

Sediment oxygen demand (SOD) is usually measured to qualify the
environmental health of estuaries, but measuring SOD is time-consuming and expensive.
A good spatial resolution of larger bays is difficult, due to time and travel budgets of
monitoring agencies. The identification of an easier-to-measure parameter to qualify
estuary health is necessary. By looking at two different bays (Weeks Bay, AL and Old
Tampa Bay, FL, different in terms of land usage), a good predictor of SOD was
identified: average acid volatile sulfide (AVS). AVS concentrations accurately predict
SOD variances for both bays. A way to determine overall long-term geochemical
character of estuaries is by analyzing the degree of pyritization within sediments from
each bay. Pyrite, and other iron sulfide minerals, will precipitate and remain stable under
reducing conditions. The amount of pyrite bound within the sediment indicates the
geochemistry of sediment porewater over a period of time, because newly nucleated
pyrite oxidizes and dissolves easily in the presence of oxygen. Despite the almost
opposite degree of urban land use of these bays, the degree of pyritization (DOP) of each
bay is similar.
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CHAPTER II
BIOGEOCHEMISTRY OF ESTUARIES

Degree of Pyritization
Five factors control the formation and accumulation of pyrite during early
diagenesis: (1) availability of iron, (2) sulfur, (3) organic carbon, (4) pyrite oxidation rate
and (5) hydrodynamics (Roychoudhury et al., 2003). During early diagenesis, pyrite is
precipitated as spherical framboids formed by aggregation of submicron size particles or
as single or clustered euhedral crystals. Framboidal pyrite is formed at the oxic-anoxic
transition by replacement of more sulfide-rich phases. The reaction rate is fast, even
allowing framboidal spheres of pyrite (< 10 μm in diameter) to form in the water column.
The rate of framboidal precipitation of pyrite is unknown and is currently being
researched (Butler and Rickard, 2000). Euhedral crystals are formed when the initial rate
of pyritization is slow. Slower rates tend to occur in sediments where sulfide has more
time to react with the precursor minerals to form pyrite (Roychoudhury et al., 2003).
The degree of pyritization (DOP) can be quantified by these equations:
Pyrite Fe = ½(TRS – AVS)

(1)

DOP = Pyrite Fe/(Pyrite Fe + HCl-soluble Fe)

(2)

because the formula for pyrite is FeS2.
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The degree of pyritization has been used to identify a variety of redox-controlled
cyclic transitions, depositional environments, or indicate iron or sulfur limitation during
pyrite formation (Roychoudhury et al., 2003). For example, the oxidation of the
depositional environment of ancient shales can be determined from DOP values (< 0.46
indicates oxic conditions, 0.46 to 0.75 indicates dysoxic or restricted water conditions, >
0.75 indicates euxinic conditions) (Leventhal and Taylor, 1990; Roychoudhury et al.,
2003).
The extraction of HCl-soluble iron is critical to DOP determination, because the
reductive dissolution of solid-phase iron-oxides is considered an important process in
ocean sediments (Leventhal and Taylor, 1990; Meister et al., 2009). The dissolution
kinetics, involving solid phase substrates, contribute significantly to biogeochemical
reactions in the deep biosphere. The role of iron as an electron acceptor has not been
quantified, and the role of iron in many biogeochemical reactions is poorly understood
(Meister et al., 2009).
Marine iron dynamics
Because iron is insoluble under oxidizing conditions above pH~4, iron exists
mostly in sediments in the ocean. Rivers are the main source of iron, and this fluvial and
glacial particulate iron is usually trapped in near-coastal areas, except where rivers empty
directly beyond the shelf. Hydrothermal sources of iron into the water column are
negligible, because the iron rapidly precipitates at depth in the oceans (Jickells et al.,
2005). Aeolian dust transport from deserts is another source of iron into the oceans.
The hydrologic, physiochemical and biological environment control the rate at
which iron changes between valence states Fe(III) and Fe(II) (Fung et al., 2000). Iron is
3

an essential nutrient for all organisms, especially the phytoplankton, whose growth is
limited by iron availability, and need iron for enzyme systems to perform photosynthesis,
respiration and nitrogen fixation (Jickells et al., 2005). Processes that transform iron
include dissolution and photoreduction of Fe(III) to Fe(II) and redox reactions involving
Fe(II) and Fe(III). Organic ligands can form soluble complexes when chelated by
dissolved Fe and sparingly soluble Fe(III) (Fung et al., 2000). These processes work
together to increase the amount of soluble iron in the upper ocean from the amount of
soluble iron that was originally introduced (Fung et al., 2000).
Marine sulfur dynamics
The metabolism of organic sulfur compounds is important to the global sulfur
cycle. Microorganisms play an important role in the sulfur cycling and dynamics in the
ocean (Howarth, 1984; Sievert et al., 2007). Sulfate, a natural constituent of seawater,
will be reduced to sulfide in anoxic conditions by sulfate-reducing bacteria (Cozic et al.,
2008). Sulfur can be removed from the ocean through microbial assimilation, the
removal of inorganic sulfur to form organic compounds in an energy dependent process.
Often, microbes will oxidize or reduce sulfur compounds in energy-yielding reactions
(Sievert et al., 2007). The respiration processes of heterotrophic microorganisms can
create a reducing environment within the water column and sediment porewater.
At deep sea hydrothermal vents, sulfide is produced by leaching sulfur from
basalt at high temperatures (~400°C) within the oceanic crust. The reduced hydrothermal
fluids are used in energy-yielding reactions by free-living and symbiotic sulfur-oxidizing
microorganisms. The sulfate precipitates out of seawater to form anhydrite (CaSO4) at
temperatures above 150°C (Sievert et al., 2007). In the upper water column of the deep
4

ocean, microbes use dimethylsulfoniopropionate (DMSP) (produced by algae and plants)
to form methanethiol (MeSH) or dimethylsulfide (DMS) (Andreae, 1990; Cozic et al.,
2008; Jørgensen, 1977; Sievert et al., 2007). DMS appears to be both co-regulated by
algal speciation and trophic interactions (Andraea, 1990). MeSH and DMS are very
reactive and volatize into the atmosphere.
On the continental coast, a significant amount of organic matter degradation is
controlled by sulfate reduction (Howarth, 1984; Sievert et al., 2007). Sulfur plays a large
role in coastal regions, especially salt marshes and subtidal, coastal marine sediments.
Within the coastal sediments, as total respiration increases, sulfate reduction accounts for
a higher percentage of total sediment respiration in sediments (Howarth, 1984). In salt
marshes, where total respiration rates are 2.5-5.5gcm-2day-1, 70-90% of the respiration is
attributed to sulfate reduction. When sulfate reduction occurs, large amounts of energy
from decomposed organic matter are conserved in reduced compounds: soluble sulfides,
thiosulfate, elemental sulfur, iron monosulfides and pyrite. A small percentage of sulfide,
produced during sulfate reduction, is accreted in marine sediments and salt marshes.
Chemolithoautotrophic bacteria re-oxidize the sulfide with efficiencies up to 21-37% to
fix CO2 to produce new biomass (Howarth, 1984).
Reduced sulfide concentrations can exist in estuaries up to micromolar
concentrations (Cozic et al., 2008). If reducing conditions exist in the porewater within
sediments, sulfide will bind with metal ions and precipitate out of solution. However,
some of the sulfide will reach the oxic and photic surfaces of the sediment (Jørgensen,
1977). Under oxidizing conditions, sulfide will become sulfate through intermediate
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oxidation steps, both spontaneous chemical reaction and catalysis by chemoautotrophic
or photoautotrophic sulfur bacteria.
When sulfide is not re-oxidized, divalent metals will bind with sulfide and
precipitate out of solution (Louriño-Cabana et al., 2011; McGrath et al., 2002; Morse and
Rickard, 2004). This metal-sulfide complex is termed acid volatile monosulfide (AVS).
Typical sulfide-bound metals are Cu, Cd, Fe, Hg, Ni, Pb, and Zn, thus making AVS a
good indicator of metal toxicity. Because iron is the most abundant transition metal found
in estuaries, solid phase AVS is believed to be mostly iron sulfide compounds (Morse
and Rickard, 2004). Once divalent metals are bound to sulfide, these metals become
unavailable for biological processes (Howard and Evans, 2009).
Interplay between iron and sulfur to form pyrite
One of the iron sulfide compounds that forms within estuaries is pyrite (FeS2). In
order to form sedimentary pyrite, three important events must occur: 1. bacterial sulfate
reduction, 2. reaction of sulfide with iron minerals to form iron monosulfides, 3. reaction
of iron monosulfides with aqueous sulfide or elemental sulfur to produce pyrite (Berner,
1970; Wang and Morse, 1996). However, diffusion rates into the sediments must be high
enough to allow sulfate to continuously flux into the sediments, and organic matter must
be available for sulfate-reducing bacteria. A high concentration and reactivity of iron
minerals, and the production of aqueous sulfide or elemental sulfur are also needed to
form pyrite (Berner, 1970).
Two sources for sulfide exist: sulfate-reduction by bacteria and the decomposition
of organic sulfur compounds. Typically, only 1% organic sulfur dry weight is found in
marine sediments, but >1% pyrite S occurs in most sediments. Not enough organic sulfur
6

exists in marine sediments to be responsible for pyrite. A combination of bacterial sulfate
reduction and organic sulfur decomposition appears to be the source for sulfide that will
form pyrite (Berner, 1970).
When sulfide is formed, iron-containing minerals react to form iron sulfides (not
pyrite): non-crystalline FeS, mackinawite (tetragonal Fe1-x with x~0.05), greigite (cubic
Fe3S4) and goethite (FeOOH) (Berner, 1970; Wang and Morse, 1996). The first 3 iron
sulfides are soluble in hot, concentrated HCl and form fine-grained, black crystals. Noncrystalline FeS, mackinawite and greigite are thermodynamically unstable under
sedimentary conditions (Berner, 1970).
With four pre-cursor pyrite minerals come four different chemical systems to
form pyrite (Wang and Morse, 1996).
Fe2+(aq)+S42-(aq)

(3)

FeS(1-x)(mackinawite)+H2S(aq)

(4)

Fe3S4(greigite)+H2S(aq)

(5)

FeOOH(goethite)+H2S(aq)

(6)

The rate of pyrite formation strongly depends on the reactant and solution
chemistry (pH and total sulfide concentration). Nevertheless, pyrite precipitation occurs
most rapidly in the presence of greigite (Wang and Morse, 1996). The morphology of the
resulting pyrite grain appears to depend upon the degree of supersaturation of sulfur in
the precipitation solution. With increasing saturation, pyrite morphology changes:
Cubeoctahedronspherulite (Wang and Morse, 1996). Interestingly, the
concentrations of Fe2+ and S° were not observed to affect the morphology (Wang and
Morse, 1996).
7

Nutrient-loading
Nutrient-loading occurs in all bodies of water and can be human-induced and/or
occur naturally. When synthetic, inorganic fertilizers became widespread in the 1950’s,
the nitrogen cycle experienced a huge change, with more nitrogen bioavailable (Greening
and Janicki, 2006). Other nitrogen sources that have increased use over the decades are
burning fossil fuels and the production of nitrogen-fixing crops. Phosphorous is another
nutrient that affects water quality of water bodies. Phosphorous-loading typically occurs
from point-sources, like waste water entering the system. Often, nutrient-loading is
coupled with organic matter loading. Major sources of dissolved organic matter and
particulate organic matter are sewage and agricultural fertilizers, which typically enter
estuaries through fluvial input (Gray et al., 2002). These nutrients will enter estuaries
through river input and submarine groundwater discharge (Greening and Janicki, 2006;
Gray et al., 2002; Hwang et al., 2005). In some areas, submarine groundwater discharges
are comparable to inputs from river discharges (Hwang et al., 2005).
Nutrient-loading can lead to algal blooms, and when the organisms die, an excess
of organic matter is deposited onto the sediment, causing a demand for oxygen for
decomposition processes (Greening and Janicki, 2006). Macro-organisms are particularly
susceptible to decreases in dissolved oxygen concentration in the water column. In order
of susceptibility to hypoxic conditions are: fish, crustaceans, echinoderms, annelids, and,
finally, mollusks (Gray et al., 2002). Generally, with oxygen concentrations at between
6.0 and 4.5 mg O2/L, animal growth is compromised. Between 4.0 and 2.0 mg O2/L,
metabolism is affected, and death will occur at concentrations that are below 2.0 mg
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O2/L. High ammonia and sulfide coupled with low oxygen concentrations in the water
column are highly toxic to most organisms (Gray et al., 2002).
Sediment Oxygen Demand
Interactions between overlying water and sediment often contribute to poor water
quality, and sediment oxygen demand (SOD) is an important interaction (Cerco et al.,
1992). Many interactions that are measured to determine water quality are affected and/or
related to SOD, such as sulfide and iron flux from the sediments and re-oxidation in the
water column (Sell and Morse, 2006). For SOD to begin in a body of water, oxygen in
the water column must come into contact with oxygen-consuming processes in the
sediment (Cerco et al., 1992). Oxygen enters the sediment through diffusion, or oxygen is
consumed when chemical or biological species enter the water column through diffusion
and physical mixing. As such, SOD is oxygen consumption through biological activity
and chemical oxidation of reduced chemical species.
Physical and biological processes can drastically affect SOD. When sediment
resuspension occurs, the surface area of the sediment exposed to oxidizing conditions
increases, and facultative organisms are exposed to oxygen, creating a temporarily higher
SOD (Cerco et al., 1992). Burrowing and non-burrowing organisms can be responsible
for sediment resuspension. These animals have even changed the zonation of electron
acceptors within the sediment and increased the concentration of nutrients within the
water column (Cerco et al., 1992). Photosynthesis temporarily replenishes oxygen into
the water column. However, when plankton bloom and die, they sink and must be
decomposed on the seafloor. The bacteria on the seafloor that are responsible for this
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decomposition are also extremely susceptible to temperature changes. With an increase in
10°C, SOD is increased, with a doubling of biological processes.
Decomposition of carbon is a main driver of SOD. Chemical reactions associated
with decomposition typically take place within the sediment. As decomposition occurs,
SOD rates increase into the sediment and nutrients fluxed out of the sediment, due to
microbial respiration. The rate of decomposition depends on the microbial activity in the
sediment and the ambient temperature (Cerco et al., 1992). In order for oxidation –
reduction reactions to occur, the reactants and free energy must be both available and
favorable. A list of pathways of organic matter decomposition is below:
Aerobic: CH2O+ O2  CO2 + H2O

(8)

Denitrification: 4NO3- + 5CH2O + 4H+  5CO2 + 2N2 + 7H2O

(9)

Manganese Reduction: MnO2 + CH2O + 4H+  CO2 + 2Mn2+ + 3H2O

(10)

Iron Reduction: 4FeOOH + CH2O + 8H+  CO2 + 4Fe2+ + 7H2O

(11)

Sulfate Reduction: SO4- + 2CH2O + 2H+  2CO2 + H2S + 2H2O

(12)

By the 1960’s, the relationship between SOD and water quality was established
(Cerco et al., 1990). In situ chambers were used to measure SOD, because laboratory
procedures were not believed to be as accurate as in situ measurements (Cerco et al.,
1990). Chamber design has varied through the years.
Statement of Problem
1. Urban land usage affects the overall geochemical character of estuaries.
Riverine inputs and coastal practices are responsible for nutrient-loading,
pollutants, and heavy metal toxicity, based on what industries and
10

economies are located nearby or further upstream or along the coast. All
three of these loadings can contribute to increased sediment oxygen
demand. Pyrite and other iron sulfides require a reduced environment to
form, so measuring the DOP will give a resolution of overall oxygen
penetration into the sediment. Weeks Bay, AL is a protected reserve,
devoid of urbanization, while Old Tampa Bay, FL is urbanized, with
coastal industry. Land usage differences between these two bays may be
reflected in their respective DOP differences.
2. SOD must be measured, because it indicates the oxidation state of the
environment of organisms living within a body of water. A high SOD with
low oxygen replenishment can create an unhealthy environment for
organisms. Monitoring agencies recognize that SOD must be measured on
a regular basis, but measurements are time-consuming and expensive.
Often, professional divers and boat drivers must be hired to carry out SOD
monitoring. Because SOD is measured over a period from twelve to
twenty-four hours, SOD spatial resolution of larger bays is difficult, due to
time travel constraints. An easier-to-measure, timely geochemical proxy or
predictor of sediment oxygen demand is necessary for accurate monitoring
of SOD to occur.
Research Questions and Hypotheses
1. How does the DOP in Tampa Bay, FL, compare with the DOP in Weeks
Bay, AL?
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Hypothesis: Runoff from industrial and farming processes are known to increase oxygen
demand in water systems. Because Weeks Bay is rural, oxygen availability should be
higher, because of the lack of nearby farming and industrial processes. Old Tampa Bay is
highly urbanized with coastal industrial processes occurring on the coast. The availability
of free oxygen within the porewaters and water column should be lower than Weeks Bay.
Pyrite requires a reducing environment to form and remain stable. Because of the likely
higher oxygen demand at Old Tampa Bay, the DOP of the sediments of Old Tampa Bay
should be higher than Weeks Bay.
2. How do geochemical parameters compare to SOD fluxes? Is there a
general relationship among estuaries?
Hypothesis: A proxy or combination of proxies for SOD exist. Geochemical parameters
that fluctuate quickly (i.e. temperature, dissolved oxygen, redox potential) will give a
more accurate prediction of SOD.
Study Sites
Weeks Bay, AL
Weeks Bay, AL is a small estuary (8 km2) located near Mobile Bay (Figure 1).
Weeks Bay was named a National Estuarine Research Reserve (WBR) in 1986, due to
the threat of local development and the desire to preserve the diversity of habitats
surrounding the bay. Several habitats are present around Weeks Bay: tidal wetlands,
swamps, salt marshes, aquatic grass beds, maritime and palustrine upland forests, pitcher
plant bogs, and benthic estuarine sediments (Rodgers et al., 2009). The subsurface
stratigraphy consists of sedimentary rocks ranging from the Jurassic to the Holocene (Lin
12

et al., 2009). Both river and ocean processes influence the physical qualities of Weeks
Bay. The Fish and Magnolia Rivers drain into Weeks Bay, collectively emptying a
51,000 ha watershed, with the Fish River comprising three quarters of the inflow into the
bay (Rodgers et al., 2009).

Figure 1

Map of Weeks Bay, AL with ten sampling sites.
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Old Tampa Bay, FL
Tampa Bay is a large estuary located on the western coast of Florida (Figures 3
and 4) and is home to several endangered and threatened species, including the green sea
turtle, Florida manatee, and the roseate spoonbill (Strayer et al., 2007). The bay is highly
urbanized, and is therefore much more developed than Weeks Bay, AL.
Tampa Bay is a large estuary on the western coast of Florida. A significant city,
Tampa, FL, is located on the northeastern portion of the estuary. The bay is incised into
carbonate strata and filled with clastic sediments from fluvial input. Three facies types
cover the surface of Tampa Bay: Modern terrigenous clastic muds in the upper bay and
around the edges of the bay, and relict reworked-fluvial and quartz-rich sands and gravels
lie in the lower part of the bay (Brooks and Doyle, 1998). Sediment source and supply
rate, combined with bathymetry (bay topography), and wind-generated waves prohibit
sediment accumulation in the shallow middle bay (Brooks and Doyle, 1998).
Old Tampa Bay is the northern most part of Tampa Bay. The USEPA collected
SOD data for sites 2, 3, 4, and 5 during the summer 2012.
Eleven sampling locations were chosen in the Old Tampa Bay area. Tampa Bay is
very large, so our research was concentrated on the northern portion that is most
influenced by fluvial activity.
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Figure 2

Map of Old Tampa Bay, FL with eleven sampling sites.

Background of methods
Microelectrodes
Two types of marine geochemical microelectrode systems are commonly used by
researchers: Luther and Brendel (1998) and Revsbech and Jørgensen (1986). Originally,
electrodes were used in biological research to determine the flux of ions across
membranes and the presence of oxygen within tissues (Revsbech and Jørgensen, 1986).
Microprobe technology has been used to measure concentrations of different ionic
species within sediments and soils. Specific electrodes are capable of measuring pH, Eh,
15

sulfide and oxygen. Microelectrodes and electrodes exist to measure these parameters;
however, a microelectrode is considered “micro” when the tip < 2 mm. The probes are
inserted into the sediment core column and measurements are obtained as porewater
crosses the tip of the microelectrodes (Revsbech and Jørgensen, 1986).
Traditional Porewaters (Peepers, Centrifuging, Squeezing)
Porewater species are important geochemical parameters that will be analyzed as
a proxy for SOD. There are three common ways to remove porewaters from sediments.
First, the peeper device is generally used for sampling shallow water-covered soils. A
new modified design as recently come out that has made peeper sampling more efficient
(Johnston et al., 2009). The new peeper device uses removable, individual cells of 25 ml
volume housed in a 1.5 m long rigid, high-density polyethylene rod, which allows the
device to be directly inserted into the sediments. Sampling is further simplified by the
use of removable cells, which eliminates the need for a large glove-box after peeper
retrieval (Johnston et al., 2009). Removable cells are easily maintained in an inert
atmosphere during sample processing and the 25-ml sample volume is sufficient for
undertaking multiple analyses (Johnston et al., 2009). The peeper method is effective for
processing redox-sensitive pore water profiles 1m deep within the sediment.
The centrifugation method requires that after samples are collected, they must be
centrifuged for 30 minutes to separate the porewater from the sediments (Mason et al.,
1998). The porewater is filtered into filter units; the filter units should be acid-washed
before use to remove any remaining particulates (Mason et al., 1998). Using this method,
porewater metal species can be collected.
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Lastly the squeezing method can be used to extract porewater. In this case plastic
syringes are usually used to collect porewater that is squeezed within the core (Mason et
al., 1998) after the core has been sliced into appropriate sections, under nitrogen. Usually,
nitrogen gas is flushed into the core to pressurize the core slices, and the porewater is
“squeezed” out of the sediment. The amount of porewater that is obtained is a function of
the grain size of the sediments: less porewater is obtained from less permeable sediments
(Mason et al., 1998). After extraction, the fluid is filtered and analyzed.

17

CHAPTER III
METHODS

Field methods
Sediment cores (20cm in length) were taken from eleven locations around Old
Tampa Bay, FL (Figure 2, July 2013) and ten sites in Weeks Bay, AL (Figure 1, summer
2011), and onsite porewater analyses were performed, using electrodes (to measure H2S
and O2 concentrations and pH and Eh) and colorimetric analyses (to measure Fe2+, Mn2+
and Al2+). After collecting sediment cores from both bays, vertical profiles of sulfide and
oxygen were measured with the Unisense microelectrode profiling system (Brendstrup,
Denmark) and the Sensor Trace Pro software program. Careful calibration of each probe
was completed in the laboratory before being used in the field. Each morning the
calibrations were tested. If the electrode’s calibration was not within 90% of the
calibration curve, a new electrode was chosen. The oxygen probe was calibrated in oxic
and anoxic solutions. A calibration curve was built by incrementally adding sulfide to a
solution and using the sulfide microelectrode to measure. The pH electrode was
calibrated with three points, and the Eh electrode was calibrated on a two-point
calibration curve.
In the field, a micromanipulator lowered the microelectrodes through the
sediment at 1mm increments. Over a total depth of 5 cm, triplicate readings of oxygen
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and sulfide concentrations and pH and Eh in sediment porewaters were obtained. The
measured concentrations were graphed in a depth profile.

Figure 3

Sediment core with microelectrodes in Old Tampa Bay, FL.

A YSI sonde was used to determine water column dissolved oxygen, salinity,
temperature, and conductivity. The sediment cores were sliced under an anoxic
environment in a glove bag (Weeks Bay) and an anoxic chamber (Tampa Bay) every 2
cm. In Weeks Bay, porewaters were separated from sediments using a squeezer rack
apparatus, under a N2 environment, pressure and gravity work to expel porewaters from
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sediment, passing them through a 0.045 μm filter and collecting them in a 10 mlml
syringe. Remaining sediments were bagged separately for further laboratory analysis. In
Tampa Bay, the sediment slices were centrifuged to separate the sediment and porewater.
Porewater was decanted from the centrifuge tubes for further analysis and sediments were
bagged and frozen for further laboratory analyses.

Figure 4

Sonde deployment in Old Tampa Bay, FL.

Porewater methods
Porewater aluminum analysis
Aluminum porewater concentration was determined spectrophotometrically for all
Old Tampa Bay, FL sites following the procedures of Ahmed and Hossan (1995). Three
reagent solutions are used in this method to obtain aluminum porewater concentrations.
Morin solution (1.35 x 10-3 M) was created by dissolving 40.27 mg morin into 100 mlml
ethanol, 0.025 M sulfuric acid, and 100% ethanol.
0.1-1.0 ml of porewater was mixed with 2.0 ml of morin reagent (1.35 x 10-3 M)
in a 10 ml volumetric flask. 0.2 ml of 0.025 M sulfuric acid was added, and the solution
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was mixed well. After waiting 1 minute, 5 ml of ethanol was added and the solution was
brought to volume with deionized water. Through this reaction, a yellow color was
produced, indicating the presence of aluminum, which has a maximum absorbance at 421
nm. Porewater aluminum concentrations were obtained at 2 cm depth intervals from all
eleven Tampa Bay sites and were graphed.
Porewater iron analysis
Porewater iron was extracted in the field lab for all Weeks Bay, AL sites and all
Old Tampa Bay, FL sites. To extract porewater iron, we chose the spectrophotometric
method described by Stookey (1970). First, two reagents were prepared before dissolved
iron could be extracted. An acid reducing solution was created to preserve reduced iron.
0.514 g of ferrozine, 10 g of ascorbic acid and a sufficient amount of deionized water for
ferrozine and ascorbic acid dissolution. 50 ml of concentrated HCl was mixed to the
solution. The solution was diluted to 100 ml with DI water and allowed to cool.
Ammonium acetate buffer was a necessary reagent in the extraction of porewater
iron. The combination of 400 g of ammonium acetate and 300 ml of concentrated
ammonium hydroxide was diluted to a total volume of 1 L by adding deionized water.
To extract porewater iron, we mixed 0.2 ml of sample with 0.1 ml of acid
reducing solution and 1.8 ml of DI water. After gently mixing the reagents, 0.2 ml of
ammonium acetate buffer was added. Samples turned red to magenta, based on the
concentration of iron. This color has a maximum absorbance at 562 nm on the
spectrophotometer.
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Porewater manganese analysis
Porewater manganese concentrations were measured spectrophotometrically in
the field laboratory for all eleven Tampa Bay sites. Methods described by Armstrong et
al. (1979), Brewer and Spencer (1971) and Goto et al. (1962) were used.
Four reagents were prepared for the analysis: Formaldoxime, FormaldoximeNH4OH mixed with reagent (FMR), EDTA solution (0.1 M), and hydroxylamine
hydrochloride solution (10%). Formaldoxime was prepared by dissolving 2.0 g
NH2OH*HCl and 1.0 ml of formaldehyde solution (37%) diluted to a volume of 50 ml by
adding DI water. The FMR reagent was created by mixing 5 ml of formaldoxime reagent
with 2 ml of concentrated ammonia.
A sample volume of 0.5 ml was mixed with 0.17 ml of FMR and mixed well, then
0.1 ml of EDTA solution and 0.2 ml of hydroxylamine solution were mixed. Manganese
concentrations are analyzed best at the 450 nm absorbance wavelength.
Porewater sulfide analysis
Porewater sulfide concentrations were measured spectrophotometrically in the
field laboratory for all eleven Tampa Bay sites and all ten Weeks Bay sites. The method
used is based on Cline (1969). Reagents used in this method were: FeCl3-6H2O, cool 50%
(v/v) HCl, N, N-dimethyl-p-phenylenediamine sulfate (available through Fluka).
Four sulfide concentrations were prepared: 0-3, 3-40, 40-250, 250-1000μM. Once
the sample displayed color, the 40-250 and 250-1000 range of samples were diluted to
ratios of 2:25 and 1:50, respectively (Cline, 1969). Fixed samples were kept in the
refrigerator.
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Laboratory methods
Solid Carbon Method
Loss on Ignition
To determine the amount of sediment that is organic matter, the loss on ignition
method (LOI) was performed as described by Sparks et al. (1996). LOI was performed on
Weeks Bay sites 2 and 9 and all eleven Old Tampa Bay sites. Two grams of the upper
layer of sediment was sampled from each location and placed in an oven for 24 hours at
150°C to remove all water content. After the water was removed from all samples, the
samples were weighed and placed in a muffle furnace set to 400°C. The samples
remained in the muffle furnace for 16 hours. The combusted samples were weighed and
the carbon content of the sediments was calculated using the equation below. Pre Mass
stands for sample mass before combustion, and Post Mass stands for sample mass after
combustion.
∗ 100

,%

(13)

Solid Iron Methods
Citrate Dithionate
This method was used to analyze reactive solid phase Fe oxides and small Fe
silicates in all Weeks Bay and Tampa Bay sites (Kostka and Luther, 1994). Five 50 ml
centrifuge tubes were used for each sample, because each sample was divided by into
2cm depth profiles. Each centrifuge tube contained 2 g of sample, 32 ml of sodium
citrate, and 4 ml sodium bicarbonate and placed into at hot water bath at 75°C. After one
hour in the hot water bath, 0.8g Na-dithionate was added to the tubes, and the tubes were
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removed from the hot water bath. Tubes were placed on the shaker table for 15 minutes. 4
ml of NaCl saturated solution were added to all tubes and were centrifuged at 2000 rpm
for 15 minutes.
Pipetting of 0.1ml sample into a beaker containing 5 ml Hepes buffered water was
performed, and the reaction occurred over a 20 minute period. Then 0.1ml ferrozine
indicator was added in fume hood and samples were incubated at 90°C for 30 minutes.
Samples were measured on spectrophotometer, with the wavelength set at 562 nm.
Cold HCl
The Cold HCl method was used to extract all solid-phase iron and iron silicates
from all Weeks Bay and Tampa Bay sites (Kostka and Luther, 1994). A mass of 0.1-0.5g
of each sample was weighed and mixed withand 10-15ml HCl, in 5ml increments.
Samples were shaken on the shaker table for 1 hour, while reaction occurred. Samples
were vortexed for 1 min and 0.1ml of sample was added to 5 ml reducing solution Hepes
buffered hydroxylamine. Reaction took ~20 minutes to occur. Within the fume hood,
0.1ml ferrozine indicator was added to all samples, and samples were incubated at 90°C
for 30 minutes. Solid-phase iron concentrations were measured on spectrophotometer,
with the wavelength set at 562 nm.
Solid Sulfur Methods
Total Reduced Sulfur and Total Acid Volatile Sulfur
Total reduced sulfur (TRS) and total acid volatile sulfur (AVS) analysis was
performed on the Weeks Bay samples and performed on the Tampa Bay samples. The
TRS and AVS analysis method described by Canfield and colleagues (1986) is a precise
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way to determine the presence of reduced sulfur compounds in sediments. This method
allows for pyrite, elemental sulfur, and acid volatile monosulfides to be quantified
(Canfield et al., 1986). The apparatus (Figure 5) volatilized sulfide from the solid
sediment samples (Canfield et al., 1986). For AVS, 2-3 grams of sediment were mixed
with 5 grams of SnCl2. 20ml of 6M HCl was introduced into the flask, and the flask
boiled while nitrogen gas continually flushed through the system.

Figure 5

Sulfide digestion system used for extraction of AVS and TRS.

The purpose for keeping oxygen out of the flask is to preserve the H2S. The H2S
vaporized and rose through the column into a graduated cylinder, containing the 0.5M
NaOH capture solution. Once the H2S was captured in the NaOH solution, the solution
was divided into four 10ml vials and treated with sulfide indicator solutions (Cline,
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1969). A spectrophotometer was used to obtain absorbance readings for the contents of
each 10ml vial. The sample absorbance readings were graphed to compare with a sulfide
standard chart detailed by Cline (1969). TRS analysis was conducted the same except,
10ml of ethanol will be used instead of SnCl2, 40ml of a chromic reduced solution and
20ml of 12M HCl were added to the digestion flask. The chromous solution was
prepared using a Jones reductor column packed with granulated zinc. Mercury chloride
and chromic chloride hexahydrate (acidified with 0.5M HCl) were added to react with the
zinc. The chromic solution changed from green to blue, indicating a valence change from
chromic(III) to chromous (II). Spectrophotometric analysis is conducted exactly the same
as AVS analysis.
Statistical Methods
Independent samples t-test
The independent samples t-test tests is used to compare the means of two different
groups. The independent samples t-est tests the null hypothesis, which is that no
difference exists between the means of the two groups of data. The two groups must be
independent of each other, and each variable must come from a normal or nearly normal
distribution. The normal distribution of data is usually verified through performance of
Levine’s Test.
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The independent samples t-test follows this formula:

Figure 6

Formula for independent samples t-test

X1 and Xx represent the mean of group 1 and group 2, S12 and S22 represent the
sample variance for group 1 and group 2, and n represents the number of scores in each
distribution.
Stepwise Multiple Regression
Multiple regression is a useful tool to determine the relationship between several
independent variables and a single dependent variable. All independent and dependent
variables are continuous variables. Multivariable regression accounts for all variables at
the same time: y=β0 + β1x1 + β2x2 + e, where Y is criterion variable (DV), X is predictor
variable (IV), β0 is intercept of the regression line, β1 is the regression coefficient for x1, β2
is the regression coefficient for x2, e is random error.
Sometimes the multiple regression calculation is used to show how much a
particular set of predictors explains differences in some outcome, or multiple regression
is used to determine the effect of a specific factor when other factors are influencing that
outcome (Gravetter and Wallnau, 2008). Multiple regression calculation only displays
relationships between factors, not the underlying cause. However, no limit exists on the
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amount of variables that can be plugged into the equation. Many times, this analysis is
used by researchers trying to determine relationships between their data variables.
Two types of multiple regression exist: Standard and Hierarchical (also known as
sequential). Standard multiple regression includes stepwise, which is the analysis used in
this study. Stepwise selection chooses the best single or combination of independent
variables whose variance most closely matches the variance of the dependent variable
(Gravetter and Wallnau, 2008).
Principal Component Analysis
Principal Component Analysis (PCA) is a statistical method used for dimension
reduction (Martınez-Máñez et al., 2005). Any hypothesis of data distribution is not
taken into account with PCA, rather PCA gives a unique result, independent of
preconceived notions or hypotheses. In order to use PCA, three assumptions must be met:
1. Assumption of linearity: The observed data set is linear combinations of a
certain basis.
2. Assumption of the statistical importance of mean and covariance: PCA
utilizes eigenvectors of the covariance matrix.
3. Assumption that large variances have important dynamics: Coordinates
are rotated to align transformed axes with the directions of maximum
variance.
With all of the data variables collected for Weeks Bay and Tampa Bay, PCA is
necessary to determine which variables are associated with SOD. Principal components
are not correlated. PCA, an orthogonal linear transformation, creates a projection of the
greatest variance into a new coordinate system. The projection of the greatest variances is
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located on the first coordinate (first principal component), and the second greatest
variance is located on the second coordinate, etc.
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CHAPTER IV
RESULTS

Results
SOD per Site
Table 1

SOD for the two Weeks Bay and four Old Tampa Bay sites
Site

g O2/m2/d

WB 2

-3.9

WB 9

-3.58

OTB 2

-3.62

OTB 3

-2.18

OTB 4

-2.62

OTB 5

-3.57

Table 1 is a compilation of SOD data for Weeks Bay and Old Tampa Bay. Weeks Bay
site 2 has the highest SOD into the sediments, and Old Tampa Bay site 3 has the lowest
SOD into the sediments. These values were collected through in situ chambers deployed
by the USEPA, Region IV.
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Field and Laboratory Results

Table 2

Sonde data for both Weeks Bay and Old Tampa Bay.
Weeks Bay and Old Tampa Bay Water Column Data

Site

Temperature (°C) Salinity (ppt)

pH (pH units) Turbidity (NTU) DO (mg/L)

OTB 1

29.48

18.52

7.61

3.3

4.24

OTB 2

31.58

23.67

8.12

0

7.43

OTB 3

30.10

23.87

8.01

9.93

5.33

OTB 4

30.52

24.72

8.16

10.11

7.30

OTB 5

30.43

25.81

8.12

3.5

5.91

OTB 6

30.99

22.63

7.95

0

5.23

OTB 7

30.38

23.95

7.97

0

5.23

OTB 8

30.43

23.99

8.4

10.28

6.11

OTB 9

31.15

24.88

8.22

4.38

7.37

OTB 10

30.54

24.37

8.17

6.68

6.17

OTB 11

30.59

25.78

8.12

3.58

6.08

WB 1

27.72

0.21

8.67

13

7.84

WB 2

27.65

0.65

7.92

54.35

3.87

WB 3

28.35

0.34

8.28

9.25

8.3

WB 4

28.58

0.62

8.49

2.45

8.12

WB 5

28.74

3.5

8.33

13.15

7.93

WB 6

27.55

0.17

8.61

13.85

7.77

WB 7

29.31

1.04

8.43

9.45

10.67

WB 8

29.34

2.46

8.34

11.65

6.97

WB 9

28.77

3.63

8.34

7.7

7.42

WB 10

28.62

2.98

8.54

7.95

7.44

Water column measurements (Table 2) were used in the SOD predictor analyses.
Sediment oxygen demand is an interaction that takes place between the water column and
the sediment porewater. Weeks Bay data is from summer 2010, collected by John Eric
Ezell and Calista Guthrie, using a Sonde. Old Tampa Bay appears to have higher
temperature and salinity measures than Weeks Bay. However, Weeks Bay appears to
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have higher turbidity and dissolved oxygen concentrations. Below (Figures 7-14) are
sulfide, oxygen, pH and Eh profiles that measure 5 mm above the surface of the sediment
and up to 10 mm porewater depth. No fluxing between the water column and sediment
porewater were measured, but concentration spikes are displayed.

Figure 7

Porewater sulfide profiles for the ten Weeks Bay sites.
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Figure 8

Porewater sulfide profiles for the eleven Old Tampa Bay sites.
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Figure 9

Porewater dissolved oxygen profiles for the ten Weeks Bay sites.
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Figure 10

Porewater dissolved oxygen profiles for the eleven Old Tampa Bay sites.
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Figure 11

Porewater pH profiles for five of the Weeks Bay sites.
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Figure 12

Porewater pH profiles for the eleven Old Tampa Bay sites.

37

Figure 13

Porewater redox potential profiles for five of the Weeks Bay sites.

38

Figure 14

Porewater redox potential profiles for the eleven Old Tampa Bay sites.

Most of the porewater sulfide concentrations for Weeks Bay and Old Tampa Bay
had no detectable sulfide concentrations (Figures 7 and 8). Site 3 in Weeks Bay had the
highest porewater sulfide concentration of all ten sites. Site 1 in Old Tampa Bay had the
largest porewater sulfide concentration of all eleven Old Tampa Bay sites.
The general trend for porewater oxygen concentrations is to decrease to nondetectable levels within the first 2 cm of sediment depth (Figures 9 and 10). At Weeks
Bay, site 1 produced the lowest initial dissolved oxygen concentrations. At Tampa Bay,
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the oxygen profiles followed the general pattern, except for site 6, which experienced a
an oxygen flux between 0.5 and 1.5 cm depth.
Weeks Bay and Tampa Bay porewater pH profiles appear to be different (Figures
11 and 12). Sites 2 and 4 of Weeks Bay fluctuate into the acidic range. Tampa Bay has a
more basic pH composition than Weeks Bay, but Weeks Bay has a larger range of pH
values. Some of the cores collected at Weeks Bay only had 5 cm analyzed for pH.
A general trend for a porewater redox potential profile is to begin under oxidizing
conditions and transform with depth into reducing conditions for Old Tampa Bay (Figure
14). Weeks Bay retained a positive redox potential value, which showed conditions that
were oxidizing (Figure 13). In Old Tampa Bay, the general transformation to reducing
conditions with increased depth is believed to be related to changes in microbial
respiration. Some of the Weeks Bay sites only had redox potential analyzed up to a 5 cm
depth. Old Tampa Bay has a much larger range of redox potential than Weeks Bay.
Because sulfide is important in the DOP and SOD parts of this study, porewater
sulfide was analyzed a second time colorimetrically (Cline, 1969).
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Table 3

Average concentration of porewater sulfide for each site in Old Tampa Bay,
FL.
Old Tampa Bay
Porewater Sulfide
Site

H2S (ppm)

S1

30.59

S2

3.17

S3

0.49

S4

1.89

S5

0.31

S6

1.93

S7

3

S8

4.26

S9

2.06

S10

1.9

S11

2.07

The highest porewater sulfide concentration was obtained from Old Tampa Bay,
site 1(Table 3). This supports the microelectrode porewater sulfide analysis, which
showed site 1 having the highest levels of porewater sulfide. The other sites’ porewater
sulfide concentrations were an order of magnitude lower than site 1.
Porewater nutrient concentrations (Table 4) were incorporated into the stepwise
multiple linear regression and PCA analyses. The relationship between nutrient-loading
and subsequent organic matter decomposition made inclusion of phosphorous data
important for this study. Old Tampa Bay has other nutrients and nutrient fluxes analyzed,
and the chart is located in the appendix (Tables 16-22). Only ortho-phosphorous data is
available from Weeks Bay, AL.
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Table 4

Porewater Ortho-Phosphorous Concentrations

OTB 1

Ortho-P
(μg/L)
0.19

OTB 2

0.07

OTB 3

0.07

OTB 4

0.05

OTB 5

0.08

OTB 6

0.15

OTB 7

0.06

OTB 8

0.06

OTB 9

0.07

OTB 10

0.04

OTB 11

0.027

WB 10

U

WB 2

1500

WB 3

2480

WB 4

2130

WB 5

U

WB 6

1300

WB 7

1270

WB 8

1060

WB 9

U

WB 10

1070

Site

Porewater orthophosphorous concentrations for Weeks Bay were obtained by John Eric
Ezell in summer 2010 using a Dionex ion chromatograph (Sunnyvale, CA).
Old Tampa Bay ortho-phosphorous concentrations (Table 4) were obtained by the
USEPA. U = below detection limit. Weeks Bay porewater ortho-P concentrations are
larger than Old Tampa Bay concentrations, which are the hundredths of a μg/L range.
AVS is mostly bound to iron, because iron is the most abundant divalent
transition metal within estuaries. However, AVS is known to bind with any divalent
metal ion. Determining the porewater iron concentrations is useful for observing what
concentrations of iron are available to be bound with AVS.
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Table 5

Average reactive porewater iron for all sites 0-10cm deep for Weeks Bay,
AL and Old Tampa Bay, FL.
Porewater Iron
Concentrations
Site

Fe2+ (ppm)

OTB 1

1.16

OTB 2

0.18

OTB 3

0.44

OTB 4

0.22

OTB 5

0.58

OTB 6

0.23

OTB 7

1.42

OTB 8

0.3

OTB 9

0.92

OTB 10

0.89

OTB 11

3.16

WB 2

0.1

WB 3

0.09

WB 4

0.09

WB 7

0.08

WB 9

0.25

The iron values were obtained colorimetrically (Table 5). Old Tampa Bay sediments
appear to have higher concentrations of porewater iron than Weeks Bay. However, the
differences in iron concentrations are not as drastic as other porewater differences in
other concentrations, e.g. ortho-P.
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Table 6

Grain size analysis of Weeks Bay, AL and Old Tampa Bay, FL.
Percent Sand Values
Site

% Sand

OTB 1

35.8

OTB 2

88.8

OTB 3

94

OTB 4

94.2

OTB 5

96.4

OTB 6

82.8

OTB 7

94.9

OTB 8

90.2

OTB 9

96.7

OTB 10

93.4

OTB 11

96.1

WB 1

54.83

WB 2

58.82

WB 3

65.13

WB 4

62.03

WB 5

87.41

WB 6

64.16

WB 7

39.10

WB 8

31.87

WB 9

79.11

WB 10

67.87

Weeks Bay percent sand analysis was performed in the BGERG lab in summer
2010 (Table 6). Grain size analysis of all Old Tampa Bay sites was completed by the
USEPA. Overall, Old Tampa Bay has a much higher percent sand content. Also, Weeks
Bay sediment cores are noticeably more muddy than Old Tampa Bay cores. The percent
sand data was used in the multiple regression and PCA analyses to determine if grain size
had a relationship with SOD.
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Loss on ignition was performed to determine if carbon content of the sediments
accurately predicted SOD. Within biologically-driven SOD systems, the amount of
organic matter that must be decomposed impacts SOD.

Table 7

LOI for Weeks Bay and Old Tampa Bay
LOI Values
Site

LOI (%)

OTB 1

0.36

OTB 2

0.26

OTB 3

0.19

OTB 4

0.18

OTB 5

0.09

OTB 6

0.26

OTB 7

0.13

OTB 8

0.22

OTB 9

0.15

OTB 10

0.15

OTB 11

0.09

WB 2

1.57

WB 9

0.70

The highest total carbon content was measured in the Weeks Bay site 2 sediments,
and the lowest total carbon content was measured in the Old Tampa Bay sites 5 and 11
sediments.
Solid Sulfide analysis was necessary for the DOP and the SOD study. The amount
of solid sulfide that is AVS was important to determine, because higher levels of AVS
indicate a possible higher concentration of pyrite or any iron sulfide minerals. Five of the
ten Weeks Bay sites had TRS and AVS extraction methods applied: sites 2, 3, 4, 7, and 9.
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Table 8

Solid Sulfide data for all eleven sites from Old Tampa Bay.
Old Tampa Bay Solid Sulfide

Table 9

Site

Avg TRS (μg/gdw)

Avg AVS (μg/gdw)

% AVS

1

245

128

52.3

2

323

159

49.2

3

280

248

88.7

4

331

191

57.7

5

135

110

81.8

6

177

157

88.6

7

214

188

88.1

8

140

129

92.0

9

205

186

90.9

10

285

269

94.4

11

242

231

95.4

Solid Sulfide data for five of the Weeks Bay sites.
Weeks Bay Solid Sulfide
Site
2
3
4
7
9

Avg TRS (μg/gdw)

Avg AVS (μg/gdw)

% AVS

0.934

0.021

2.23

0.537

0.021

3.96

0.533

0.04

7.56

0.509

0.045

8.8

0.495

0.031

6.35

Weeks Bay TRS and AVS levels are much lower than Old Tampa Bay. The solid
iron concentrations of Weeks Bay and Old Tampa Bay were similar, which is why it is
46

unusual that the AVS levels of each bay are so different (Tables 8 and 9). AVS is
believed to mostly consist of iron sulfide minerals. Other metals may be bound with
AVS in Old Tampa Bay, such as Al, Mn, Zn, etc.
Table 10

Average solid phase reactive iron for all eleven Old Tampa Bay sites.
Old Tampa Bay Solid-Phase Reactive Iron
Long term (µmol/gdw)

Total Fe2+ (µmol/gdw)

Site

Short term (µmol/gdw)

1

6.6

8.5

15.0

2

40.0

9.6

49.6

3

10.0

8.4

18.4

4

11.9

4.6

16.5

5

10.2

2.7

12.9

6

2.3

0.9

3.2

7

1.4

4.0

5.4

8

12.0

5.9

18.0

9

12.9

8.0

20.9

10

10.5

2.7

13.2

11

7.8

2.7

10.6
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Table 11

Solid iron data for Weeks Bay.
Weeks Bay Solid-Phase Reactive Iron

Site

Short term
(µmol/gdw)

Long term (µmol/gdw)

Total Fe2+ (µmol/gdw)

2

24.6

47.4

63.1

3

15

42.2

53.4

4

20

39.3
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7

14

35.8

45.5

9

10.5

35.6
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Weeks Bay solid iron values were collected by Henry Stauffenberg in spring
2012. Weeks Bay iron values appear to be higher than Old Tampa Bay values (Tables 10
and 11). This is important, because Old Tampa Bay solid sulfide concentrations are much
higher than Weeks Bay (Tables 8 and 9). Old Tampa Bay has lower iron availability, but
higher AVS concentrations.
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Table 12

Pyrite and DOP values for Old Tampa Bay and Weeks Bay.
Pyrite and DOP Values
Site

AVG Pyrite Fe (μmol/gdw)

AVG
DOP

OTB 1

0.0

0.71

OTB 2

4.9

0.00

OTB 3

2.2

0.00

OTB 4

12.9

0.22

OTB 5

2.5

0.34

OTB 6

0.0

0.89

OTB 7

2.1

0.85

OTB 8

0.0

0.30

OTB 9

2.4

0.32

OTB 10

1.4

0.16

OTB 11

0.0

0.62

WB 2

11.37

0.33

WB 3

7.07

0.27

WB 4

8.98

0.24

WB 7

8.40

0.20

WB 9

6.78

0.27

Pyrite and DOP values for Weeks Bay were collected by Henry Stauffenberg in
spring 2012. Pyrite iron values are much higher in Weeks Bay than in Tampa Bay (Table
12), supporting the initial findings that solid iron values are higher in Weeks Bay than in
Old Tampa Bay. The degree of pyritization between the two bays is similar.
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Statistical Results

Table 13

Descriptive Statistics
Factors

Units

Mean

Standard Deviation

DOP

none

0.30

0.042

Pyrite

(μmol/gdw)

9.22

3.04

% Sand

none

68.97

14.35

SOD
Porewater
H₂S
Porewater pH

(gr O2/m2/d)

-3.74

0.23

(µmol/l)

21.07

1.24

pH units

7.45

0.15

(µmol/l)

13.36

2.28

(Redox pot.(mV)

15.12

0.21

3.15

1.89

(µmol/gdw)

311.19

176.51

(µmol/gdw)

692.55

204.28

(µmol/l)

11.23

13.23

(µmol/l)

178.05

24.25

(Redox pot.(mV)

11.49

6.15

pH units

7.05

0.50

Celsius

30.09

0.79

(µg/gdw)

826.09

358.58

(µg/gdw)

3.66

10.60

ppt

0.37

7.25

ppt

0.23

4.27

Porewater O₂
Porewater
Redox
Potential
Porewater
Fe2+
Short-term
Solid Fe
Long-term
Solid Fe
Water Column
H₂S
Water Column
Dissolved O₂

ppm

Water Column
Redox
Potential
Water Column
pH
Temperature
Average TRS
Average AVS
Top Water
Salinity
Bottom Water
Salinity
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All of the variables in Table 13 were included in the stepwise multiple regression
and PCA analyses. Because neither Weeks Bay nor Old Tampa Bay had enough
sufficient data to perform analyses on the bays individually, the two bays were run
through statistical analyses together.
Independent Samples T-Test
An independent samples t-test was applied to DOP values from Weeks Bay and
Tampa Bay to determine if the means of the DOP values for each bay were statistically
separate. Below is a table displaying the DOP values that were selected for this analysis.
Table 14

DOP values used for the independent samples t-test
DOP Values
Used in Analysis
Site

DOP

OTB S1

0.71

OTB S2

0

OTB S3

0

OTB S4

0.22

OTB S5

0.34

OTB S6

0.89

OTB S7

0.85

OTB S8

0.30

OTB S9

0.32

OTB S10

0.16

OTB S11

0.62

WB S2

0.33

WB S3

0.27

WB S4

0.24

WB S5

0.2

WB S9

0.27

The independent standards t-test does not require the same number of values for each site
that is being run. This test is useful, because Weeks Bay DOP data are only available for
five sites, while all eleven Old Tampa Bay sites have DOP values (Table 14).
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To determine whether DOP is significantly different between Weeks Bay and
Tampa Bay, an independent two-tailed t-test was applied to the data. At an alpha level of
0.05 and p = 0.186 and t = -1.410, the DOP between the two sites were not statistically
different, supporting the null hypothesis that no difference in DOP between Weeks Bay
and Tampa Bay exists.
Stepwise multiple regression
A step-wise multiple regression was run on Tampa Bay and Weeks Bay variables:
SOD, DOP, percent sand, porewater sulfide, porewater pH, porewater dissolved oxygen,
porewater redox potential, porewater iron, short-term solid phase iron, long-term solid
phase iron, water column sulfide, water column dissolved oxygen, water column redox
potential, water column pH, water column temperature, average TRS, average AVS,
salinity of top water, salinity of bottom water, water column orthophosphate, porewater
orthophosphate, and LOI.
A Pearson correlation was conducted as part of the multiple regression. With an
alpha value set to 0.01, average AVS was significantly correlated with SOD with p =
0.009.
The step-wise multiple regression found the best single or combination of
variables that match with the variance of SOD. In this case, only average AVS was found
to best match the variance of SOD data. A linear equation was constructed, relating
average AVS and SOD that will accurately predict either average AVS or SOD with
87.8% accuracy. The equation is below:
SOD = -5.346 + 0.052*AVS
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(13)

All other variables were excluded, because they did not match the variance of
SOD as accurately as average AVS.
PCA
To determine which variables vary with SOD, a PCA factor analysis was
performed with variables: DOP, percent sand, porewater sulfide, porewater pH,
porewater dissolved oxygen, porewater redox potential, porewater iron concentrations,
short-term solid phase iron, long-term solid phase iron, water column sulfide, water
column dissolved oxygen, water column pH, water column redox potential, water column
temperature, average TRS, average AVS, salinity of top of water column, salinity of
bottom of water column, water column orthophosphate, porewater orthophosphate and
SOD.
As part of the PCA analysis, a Pearson correlation was conducted. With an alpha
value of 0.01, average AVS significantly correlated with SOD, p = 0.009.
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Table 15

PCA Loadings Plot

PCA Loadings
Component 1
(explains 46.630% of
variance)

Component 2
(explains 34.583% of
the variance)

Component 3
(explains 15.668% of
the variance)

Porewater iron

Water column
temperature

Average AVS

Porewater oxygen

Porewater pH

SOD

Water column redox
potential

Water column pH

Water column dissolved
oxygen

Short-term solid phase
iron

Porewater
orthophosphate

Percent sand

Water column
orthophosphate

Average TRS

Porewater sulfide

Top water salinity

Porewater redox
potential
Bottom water salinity
Long-term solid phase
iron
DOP
LOI

Three components or variable groupings were identified through the PCA
analysis. Component 1 contained factors: porewater iron, porewater oxygen, water
column redox potential, water column dissolved oxygen, porewater orthophosphate,
water column orthophosphate, porewater sulfide, water column sulfide, porewater redox
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potential, bottom water salinity, long-term solid phase iron,DOP, LOI. Component 1
explained 46.630% of the variance in the data. Component 2 contained factors: water
column temperature, porewater pH, water column pH, short-term solid phase iron,
percent sand, average TRS, and top water salinity. Component 2 explained 81.213%of
the variance of the data. Component 3 contained average AVS and SOD and explained
96.881% of the variance of the data.
The fact that average AVS and SOD were clustered into a single component
together (with all other components excluded) supports the calculations of the stepwise
multiple regression. The variance of average AVS is similar enough to the variance of
SOD to be grouped into the same component.
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Figure 15

Component plot in rotated space

Because the variables were grouped into three different components, a3-D view of how
components plot in relationship to each otheris necessary. Each component represents a
separate dimension in space.
Sulfur Relationship
Because average AVS was determined to have such an important relationship
with SOD, graphs of porewater sulfide, average AVS, and TRS for Old Tampa Bay site 1
are displayed:
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Figure 16

Porewater sulfide profile of Old Tampa Bay site 1.

Porewater sulfide concentrations begin at zero at the top of the sediment column and
increase with increasing depth into the sediment core. Analysis was performed in the
local laboratory in Tampa Bay, FL.
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Figure 17

AVS profile for Old Tampa Bay site 1.

Initially, AVS concentrations vary parabolically with increasing depth within the
sediment core. Analysis was performed in the MSU BGERG laboratory.
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Figure 18

TRS profile for Old Tampa Bay site 1.

Initially, TRS concentration is the same as AVS concentration, but TRS decreases below
AVS concentration. This is a consistent trend that was noticed during solid sulfide
extraction and has been accounted for in other data processing, such as Pyrite Fe and
DOP calculations.
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CHAPTER V
DISCUSSION

DOP Differences
The hypothesis that urban land usage differences would be reflected in the DOP
between Weeks Bay, AL and Old Tampa Bay, FL was not supported. With a p = 0.186,
no significant difference exists in the DOP values between the two bays.
Old Tampa Bay has a much lower concentration of solid iron than Weeks Bay
(ranging 45-63 μmol/g). Conversely, Weeks Bay has a much lower value of AVS than
Old Tampa Bay, which is extremely high (ranging 110-269 μmol/g). This leads to the
question: what metals are binding with sulfide and precipitating out of solution in Old
Tampa Bay? Iron is known to be the most common transition metal, but another locally
more commonly occurring metal or a suite of metals is being removed from the system.
Large values (>100μmol/g) of AVS remove toxic metals from mobilization through
eutrophication (Machado et al., 2004). When divalent toxic metals (such as Cd and Hg)
bind to sulfide and precipitate out of solution, those metals are no longer bioavailable.
AVS research that was performed in a eutrophicated bay, Guanabara Bay, Brazil,
had AVS ranging from 30-300 μmol/g, which the scientists considered moderately high
to extremely high levels (Machado et al., 2004). The Pearl River Estuary in China, an
estuary known for heavy metal input from nearby industrial processes, had low to
moderate levels of AVS (ranging from 0.02 to 10 μmol/g) (Fang et al., 2005). Compared
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to Guanabara Bay and the Pearl River Estuary, Weeks Bay contains moderately high
levels of AVS, and Old Tampa Bay contains extremely high levels of AVS.
Solid iron concentrations and AVS concentrations have been shown to
significantly correlate with aluminum concentrations within sediments in the Pearl River
Estuary (Fang et al., 2005). Porewater aluminum was extracted from the Old Tampa Bay
sediments, and gathering enough data to add aluminum into future statistical analyses is
important.
AVS as a Predictor of SOD
The original hypothesis for determining a predictor of SOD was that geochemical
parameters that fluctuate quickly in response to environmental changes would be good
predictors (i.e. temperature, dissolved oxygen, redox potential). However, as many
geochemical parameters that could be measured and collected within a reasonable
sampling period were collected. The only longer-term analyses that were utilized were
the solid iron and solid sulfide extraction methods.
The PCA analysis was used to reduce the number of variables into components.
Each component contains variables whose variances vary similarly. Each component is
separate and independent from all other components. The PCA was necessary to run
because of the high volume of data that were collected. Determining a relationship
between SOD and any of the other variables that were collected was impossible without
some organizational statistical analysis.
AVS values were analyzed at 2 cm depth intervals and were averaged, so that
each site had one AVS value. The variance of these averaged AVS values were
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determined to be the best predictor of the variance of SOD. The equation that was
generated through the stepwise multiple regression is below:
SOD = -5.346 + 0.052*AVS

(14)

Whether or not AVS affects SOD and vice versa cannot be determined from the
statistics that were performed in this study. Simply, as AVS varies, SOD varies a similar
amount and vice versa. Perhaps one or a combination of the variables that were analyzed
contribute to this fluctuation, or a variable that has not been considered in this study may
be affecting average AVS and SOD. For average AVS to be a good predictor of SOD,
sulfide must be produced biologically and/or geochemically. For AVS to precipitate into
the sediments, divalent metals must be present in the porewater to bind with sulfide.
Dissolved metals are necessary for AVS precipitation. Determining how metal
concentrations vary with SOD would be useful for future studies.
The SOD values that were obtained from Weeks Bay and Old Tampa Bay fall into
a normal range. In a paper written by Borsuk et al. (2001), SOD ranges from estuaries
around the world were -5 gO2/m2/d to -0.89 gO2/m2/d. Old Tampa Bay values fall from
~-2 to -3 gO2/m2/d and Weeks Bay ranges between -3.5 to -4 gO2/m2/d. Site 2 at Weeks
Bay had the highest recorded SOD of both bays. Though not unusually high, Weeks Bay
and Old Tampa Bay SOD appears to be on the higher end of SOD.
Contrary to the hypothesis, average AVS concentrations vary the most similarly
with SOD. AVS is not a quick process and must be run in a laboratory; the analysis for
one site lasts ~3 hours.
Currently, no other acid volatile monosulfides research has been performed on
Old Tampa Bay sediments, so the numbers are not comparable to past research. AVS is
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considered to be nanoparticles and/or clusters of nanoparticles of iron sulfide molecules
(Meysman and Middleburg, 2005). Certainly acid volatile sulfide would make sense as a
proxy for SOD, because these nanoparticles exist in a reducing environment.
With the limited data that we were able to obtain, average AVS appears to
estimate SOD accurately. However, more bays should be sampled. Because the sediment
oxygen demand chambers are so cumbersome and time-consuming, accurate statistical
manipulation of the data posed a challenge. This is a science issue and with more
research, average AVS as a predictor of SOD will either be confirmed or denied. Not all
bays are similar, and categories of different bays may have a different proxy or
combination of proxies that predict SOD.
With climate change and legislation reducing the input of nutrient and metal
species into rivers, the characters of coastal estuaries could change, changing the proxy
for SOD. These changes need to be monitored.
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CHAPTER VI
CONCLUSION

Degree of Pyritization
DOP is defined as the amount of pyrite within sediments. Laboratory derived
values of solid iron and solid sulfide are used in the equations below:
Pyrite Fe = ½ (TRS-AVS)

(15)

DOP = Pyrite Fe / (Pyrite Fe – Reactive Fe)

(16)

Reduced conditions are required for pyrite precipitation and stability shortly after
nucleation. One way to create a reducing environment in a body of water is through the
removal of oxygen from the system. Typically, oxygen is removed through
decomposition of organic matter by microbes, but oxygen can be removed through
chemical demand also. Riverine and coastal nutrient input and organic matter fluxes into
estuaries are known to affect dissolved oxygen concentrations and SOD. Because most of
these inputs occur due to coastal urbanization and/or upstream urbanization, high values
of DOP were believed to be associated with urbanization.
Weeks Bay, AL, a rural, protected estuary, and Old Tampa Bay, a highly
urbanized coast with coastal industry, were chosen for the DOP comparison, using
independent samples t-test. The original hypothesis that Weeks Bay would have
significantly higher values of DOP than Old Tampa Bay was not supported. DOP values
64

from each bay were statistically similar, displaying no significant difference (p = 0.186).
Whether or not urbanization has an effect on DOP cannot be determined from an
independent samples t-test.
Sediment Oxygen Demand
SOD encompasses all processes that require oxygen demand, both biological and
chemical. Hypoxia and anoxia within water bodies is dangerous and adversely affects
local macrofaunal populations. Under reducing conditions, toxic dissolved gases are
produced through anaerobic forms of microbial degradation, such as sulfide through
sulfate reduction.
Governmental and local monitoring agencies realize that SOD must be monitored
regularly. However, current methods are time-consuming and expensive. Average AVS, a
simpler, easier-to-measure geochemical predictor has been identified as a predictor for
SOD through the Pearson stepwise multiple regression and PCA analysis. An equation
relating average AVS to SOD was produced through the stepwise multiple regression:
SOD = -5.346 + 0.052*AVS

(17)

All that is required to analyze AVS is: 1. Collect field sediment core, 2.
Homogenize sediments under anoxic conditions within a local laboratory, 3. Perform
AVS extraction using the Canfield et al. (1986) method. 4. Colorimetrically measure the
extracted sulfide. The laboratory process of extracting AVS is short, ~ 3 hours per sample
site.
Measuring average AVS as a predictor for SOD has been supported for Weeks
Bay, AL and Old Tampa Bay, FL. AVS is produced when porewater sulfide binds with a
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reduced metal specie and precipitates when little to no oxygen exists in the environment.
For dissolved sulfide to become oxidized into sulfate, oxygen will be demanded by the
sediment porewater (Luther et al., 2011). However, oxygen is also demanded by the
sediments to oxidize reduced metal species, such as iron or manganese. In fact, the Gibbs
free energy of sulfide oxidation is 5.9 kJ/mol, and the Gibbs free energy of iron oxidation
is 10.1 kJ/mol (Schlesinger, 2013). In this case, the reduced iron concentrations should
best predict SOD. Under anoxic conditions, the concentrations of sulfide are so high that,
due to Le Chatelier's Principle, the oxygen demand is controlled by the sulfide oxidation
occurring within the sediments. The oxygen demand is reflected in the amount of sulfide
that precipitates out as AVS, due to reduced conditions. Whether or not average AVS is a
consistent predictor of SOD across a wider variety of estuaries has not been determined.
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Nutrient and Metal Data
Table 16

Porewater nutrient concentrations from the USEPA.
Old Tampa Bay Nutrients in Porewater (mg/L)
Site

Ammonia

Nitrate/Nitrite

Ortho-P

OTB 1

8.08

0.08

1.54

OTB 2

0.91

0.66

0.04

OTB 3

1.28

0.06

0.06

OTB 4

2.04

0.22

0.10

OTB 5

1.19

0.18

NA

OTB 6

1.58

0.05

0.20

OTB 7

0.92

0.31

0.07

OTB 8

1.28

0.07

0.14

OTB 9

1.58

0.17

0.06

OTB 10

0.82

0.13

NA

OTB 11

0.93

0.33

NA

Porewater nutrient concentrations were supplied by the USEPA for all eleven Old Tampa
Bay sites. Some sediment cores did not retain enough porewater for nutrient analysis. NA
stands for sites that did not contain enough porewater for nutrient analysis.
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Table 17

Solid nutrient concentrations from Old Tampa Bay.
Old Tampa Bay Nutrients in Sediments (mg/kg)
Total
Station

Ammonia

TKN

Nitrate/Nitrite

P

OTB1

71

2800

2.6

2600

OTB2

90

770

1U

760

OTB3

11

270

0.67U

280

OTB3

20

380

0.82

340

OTB4

17

510

1.8

320

OTB5

54

230

0.65U

77

OTB6

20

940

0.88U

670

OTB7

27

240

0.65U

210

OTB8

19

360

0.81

180

OTB9

15

210

0.68U

200

OTB10

35

410

0.75U

190

OTB11

18

220

0.69U

140

U-Below
Detection

Solid nutrient concentrations were obtained by the USEPA for all eleven Old Tampa Bay
sites.
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Table 18

Nutrient flux data from Old Tampa Bay.
Old Tampa Bay Nutrient Fluxes

Sample

gr NH3/m2/day

gr TKN/m2/day

gr Total P/m2/day

gr Total OP/m2/day

S2

0.19

-0.05

0.01

NA

S3

0.1

0.04

0

0.04

S4

0.09

0.04

0.04

0.04

S5

0.09

-0.21

-0.02

0.05

Benthic oxygen chambers were deployed at four sites in Old Tampa Bay. Besides SOD
fluxes, nutrient flux data were gathered. Data supplied by the USEPA.

Table 19

Porewater metal concentrations from Old Tampa Bay
Old Tampa Bay Metals in Surface Water (μg/L)
Site

Aluminum

Iron

Manganese

Molybdenum

OTB1

180

190

53

7.3

OTB2

320

290

11

9

OTB3

180

160

12

8.5

OTB4

360

290

13

8.6

OTB5

110

110

6.7

8.9

OTB6

240

250

39

7.7

OTB7

140

120

10

8.4

OTB8

250

220

16

8

OTB9

370

290

14

8.7

OTB10

460

390

13

8.7

OTB11

190

180

8.6

9.7

Dissolved metal concentrations in water column were obtained by the USEPA.
Aluminum and iron concentrations are noticeably higher than manganese and
molybdenum.
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Table 20

Porewater manganese concentrations for Old Tampa Bay
Old Tampa Bay Porewater Manganese
Site

Mn2+ (ppm)

S1

2.78

S2

0.04

S3

0.14

S4

0.2

S5

0.58

S6

0.08

S7

0.02

S8

0.12

S9

0.48

S10

0.37

S11

0.36
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Table 21

Porewater aluminum concentrations for Old Tampa Bay.
Old Tampa Bay Porewater Al2+
Site

Al2+ (ppm)

S1

14.64

S2

10.35

S3

8.19

S4

3.21

S5

16.27

S6

7.92

S7

50.06

S8

6.95

S9

17.11

S10

0.89

S11

1.49
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Table 22

Solid metal concentrations for Old Tampa Bay
Old Tampa Bay Metals in Sediment (mg/kg)

Site
1
2
3
4
5
6
7
8
9
10
11

Aluminum

Iron

Manganese

Molybdenum

13000

15000

79

0.4

3500

4300

55

0.2

770

960

7.9

0.2

1600

1900

10

0.2

250

280

9.9

0.2

3100

3300

11

0.43

450

470

9.1

0.2

850

940

3.4

0.2

530

590

2.4

0.2

730

890

21

0.2

440

470

2.6

0.2
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